Multi-color (B V R c I c ) CCD photometric light curves of the contact binary V502 Oph are analyzed using the Wilson-Devinney (W-D) program. The solutions reveal that V502 Oph is a W-subtype contact (f = 35.3%) binary system. The temperature difference between its two components is 240K and the more massive star has a lower surface temperature. A cool spot is added in our model to account for the light curves' asymmetry (O'Connell effect) and third light is detected for the first time in the light curves' modeling. Combining the orbital inclination (i = 76.4
Introduction
V502 Oph (HD 150484, HIP 81703, BD+00 3562, V = 8 m .59) is a W UMa type contact binary system which was discovered to be a variable star by Hoffmeister (1935) . In the following decades, many remarkable work have been done on this target. Spectroscopic observations and radial velocity studies have been carried out by Struve & Gratton (1948) , Struve & Zebergs (1959) , King & Hilditch (1984) , Pych et al. (2004) ; Karami & Mohebi (2007) and Karami et al. (2011) . The analysis revealed that the mass ratio was q = 0.335(9), and the spectral type were G2 V for the more massive component and F9V for the less massive one. Photometric observations and solutions of V502 Oph have been published by Wilson (1967) ; Binnendijk (1969) ; Vader & van der Wal (1973) ; Polushina (1975) ; Maceroni et al. (1982) ; Zola & Krzesinski (1988) ; Rovithis et al. (1988) ; Rovithis et al. (1998) and Deb & Singh (2011) . The light curves change over time and may indicate variable surface activity, which made it an ideal target to study the physical mechanism of O'Connell effect (Koju & Beaky 2015) . The orbital period of V502 Oph was found to change continuously, according to the investigation by Kwee (1958) ; Kreiner (1971) ; Strauss (1976) ; Maddox & Bookmyer (1979) ; Hobart et al. (1989) ; Derman & Demircan (1992) ; Yüce et al. (2006) and Liu & Yang (2006) . Most W UMa stars consist of solar-type components with orbital periods of 0.25d < P < 0.7d and share a common envelope between its two components. They are recognized by continuous brightness variations and nearly equal depth for primary and secondary eclipse. W UMa type binaries are superb laboratories for the study of the formation and evolution scenario of close binaries. The research will provide valuable information on the late stage of stellar evolution connected with the processes of mass transfer, angular momentum loss(AML) and merging of stars, etc (Li et al. 2014; Yang & Qian 2015) . In addition, surveys of companions around eclipsing binaries have generally shown that tertiary components are quite common in W UMa systems (Frieboes-Conde & Herczeg 1973; Mayer 1990; Chambliss 1992; Borkovits & Hegedues 1996; Pribulla & Rucinski 2006; D'Angelo et al. 2006) . The close-in tertiary component may play an important role in the formation and evolution of close binary by shortening the orbital period of the binary system through drawing angular momentum from the central binary system (Tokovinin et al. 2006 ). And also, many different types of objects have been reported to be companions of binary stars, such as stellar companion (Zhou et al. 2015) , circumbinary planet (Qian et al. 2012 ), brown dwarf (Qian et al. 2009 ) and black hole (Qian et al. 2008) .
As for V502 Oph, lines of a third component were detected while spectroscopic observations were carried out (Hendry & Mochnacki 1998; Pribulla & Rucinski 2006) . The light-travel time effect (LTTE) appearing on the observed-calculated (O −C) curve also confirmed the existence of a close-in tertiary component around the binary system (Yüce et al. 2006; Liu & Yang 2006) . Unfortunately, the former photometric solutions had not given any information about third light (l 3 ). Thus, new multi-color high accuracy CCD light curves are still need. In the present paper, B V R c and I c bands light curves of V502 Oph are obtained and analyzed using the Wilson-Devinney (W-D) program (Version 2013). More times of light minimum which cover a much longer time scale are collected and fitted. We combine photometric solutions, O − C curve analysis and spectroscopic results together to give out our new research results on V502 Oph, which will shed new insight to our understanding on the formation and evolution theories of binary and multiple systems.
New Multi-color Photometric Observations of V502 Oph
The B V R c I c bands light curves (LCs) of V502 Oph were observed over 11 nights between June 29 and July 18, 2010, using a 20-cm Meade LX200GPS telescope at the Truman State University Observatories in Kirksville, Missouri. An SBIG ST-9XE CCD camera with Johnson BV R c I c filters was attached to the telescope (Koju & Beaky 2015) . Astronomers Control Panel (ACP) was used to communicate between the telescope, CCD camera, focuser, and observatory dome. The telescope and CCD camera were controlled by Maxim DL, which was also used to analyze the observed images and obtain the light curves. A few lines of the original light curve data are displayed in Table 1 . The resulting differential light curves for V502 Oph in B, V , R c , and I c filters are shown in Fig. 1 . The observational time (HJD) were converted to phases with the following linear ephemeris: Notes. These are only a few lines of the data. The whole data are listed in Table 6 , Table 7 , Table 8 and Table 9 , available as Supporting Information in the online version of this article.
To improve the legibility of the figure, the light curves' data have been shifted vertically which will make no difference to the solutions of W-D program as differential photometry method is used. As shown in Fig. 1 , the light curves vary continuously and have very small magnitude differences between the depth of the primary and secondary minima which indicates that V502 Oph is a typical W UMa type contact binary with EW type light curves. 
Orbital Period Investigation of V502 Oph
Since it was discovered by Hoffmeister (1935) , V502 Oph has been monitored for nearly eighty years. We have abundant light minima for analyzing the O − C (observed -calculated) curve, which will reveal dynamic interactions between its components. As times of light minimum determined by visual observations have very large uncertainty, only those obtained by photoelectric observations and CCD camera are collected in our work. Using the following linear ephemeris determined by Derman & Demircan (1992) ,
we obtain the (O − C) 1 values and list them in the fourth column of Table 2 . We adopt a quadratic curve to fit the (O − C) 1 values, then the residuals ((O − C) 2 values) are obtained. The (O − C) 2 values of V502 Oph is listed in the fifth column of Table 2 and shown in the middle panel of Fig. 2 , which indicates a cyclic change in its orbital period. Thus, a sinusoidal term is superimposed to the ephemeris. The revised ephemeris is
According to the quadratic term included in the new ephemeris, we conclude that the period of V502 Oph is decreasing continuously at a rate of dP/dt = −1.69 × 10 −7 day · year −1 . The period of the cyclic change is P 3 = 18.7 years, and its amplitude is A 3 = 0.00402 days. The residuals from equation (3) are showed in the bottom panel of Fig. 2 . The large scatter of the (O − C) 2 values in Fig. 2 may due to the fact that V502 Oph is an active binary system. However, the tendency of the (O − C) 2 curve still shows periodic variation obviously and the (O − C) 2 curve covers over two circles which makes our results more reliable. We just give the most probable fitting result according to the minimum data available in the bibliography. To determine the period of the third component more accurate, more times of light minimum are need in the future. (2) is dispalyed in the upper panel. The solid line represents the combination of a parabolic variation and a periodic change, and the dash line refers to the downward parabolic variation. In the middle of Fig. 2 , the (O − C) 2 values are shown while the quadratic part in Equation (3) are subtracted, where a cyclic change is more obviously to be seen. The fitting residuals from Equation (3) were plotted in the bottom panel.
Photometric Solutions of V502 Oph
In the present paper, a simultaneous multi-color light curves' analysis of V502 Oph is performed with the Wilson-Devinney (W-D) program (Version 2013) (Wilson & Devinney 1971; Van Hamme & Wilson 2007; Wilson et al. 2010 ) to derive its physical parameters. According to the Radial Velocity (RV) studies published by Pych et al. (2004) , the mass ratio (q) of V502 Oph is fixed at q = 2.985. The effective temperature of the hotter component (T 1) in V502 Oph is fixed to T 1 = 6140K, which was used by Rovithis et al. (1988) and Zola & Krzesinski (1988) corresponding to its spectral type of F9V (Struve & Zebergs 1959) . V502 Oph is a late-type W-subtype W UMa contact binary system, so convective envelopes is assumed. The gravitydarkening coefficients and bolometric albedo adoptable for convective envelopes are used, which were g 1 = g 2 = 0.32 (Lucy 1967) and A 1 = A 2 = 0.5 (Ruciński 1969 While modeling the light curves of V502 Oph, mode 3 for contact system is chosen. The adjustable parameters are: the orbital inclination of V502 Oph (i); the surface temperature for the secondary star (T 2 ); the monochromatic luminosity of the primary star (L 1B , L 1V , L 1R and L 1I ); the dimensionless surface potential of the primary and secondary star (Ω 1 = Ω 2 for contact binary ). Since both spectroscopic observations and orbital period variations confirmed the existence of a tertiary component around V502 Oph, the third light (l 3 ) is also set as an adjustable parameter in our solutions. It has to be mentioned that we use a spot model in the calculating as the O'Connell effect appears in the light curves. The final parameters of the solutions are list in Table 3 . The theoretical light curves are displayed in Fig. 1 .
Discussions and Conclusions
We have present multi-color (B V R c I c ) CCD photometric solutions of the contact binary V502 Oph. The light curves have a long-lived asymmetric phenomenon (Koju & Beaky 2015) in the placement of the light maxima called O'Connell effect (Milone 1969) . We use a spot model to fit the light curves in the W-D program. The solutions indicate that V502 Oph is a W-subtype contact binary with the contact degree of f = 35.3%(±2.0%). The temperature difference between its two components is 240K and the more massive star has a lower surface temperature. Combining the orbital inclination (i = 76.4
• ± 0.6) of ours and the mass function given by Pych et al. (2004) : (M 1 +M 2 )sin 3 i = 1.679±0.022M ⊙ , the absolute physical parameters of the two components in V502 Oph are determined and listed in Table 4 . The orbital semimajor axis of V502 Oph is calculated to be a = 3.04(±0.02)R ⊙ . We have also checked the degeneracy of the third light, and the results are also in Table 4 . It is found that degeneracy of the third light result in very little difference on parameters such as i, T 2 , Ω 1 . However, the solutions with the third light give out a much smaller fitting residual. The light curves of V502 Oph have been investigated by many other researchers (Table 5 ). However, there is not any information about third light (l 3 ) in their solutions. As shown in Table 5 , Deb & Singh (2011) assumed that the hotter component is a G0V type star and set the temperature to be T 1 = 5940K. Only Rovithis et al. (1998) used spot model in their solutions. In our solutions, we set the temperature to be T 1 = 6140K according to its spectral type of F9V and add a spot in our model considering the light curves' asymmetry. Compared with the solutions listed in Table 5 , we obtain a higher orbital inclination and contact degree, which may be caused by the contribution of third light in our solutions. W UMa type contact binaries have been observed and analyzed for over half century. However, there is not a generally accepted formation and evolution scenario for them. Numerical calculations suggest that W UMa type contact binaries are formed from initially detached binary systems. The initially detached systems are mainly controlled by two mechanisms in the precontact phase, namely nuclear evolution of the initially massive star and angular momentum loss of the initially lighter star (Stȩpień 2006; Stȩpień 2011; Yıldız 2014) . Considering the physical parameters listed in Table 4 and the method established by Yıldız & Dogan (2013) , the initial mass of the two components in V502 Oph are calculated to be M 1i = 1.87(±0.01)M ⊙ and M 2i = 0.86(±0.04)M ⊙ . The initial mass of the present primary one (M 2i ) indicates that it is a late-type star, which has played a very important role in early angular momentum evolution of close binaries as magnetic braking is supposed to be the main mechanism for such stars with convective envelope. The mass loss of the initially massive star is calculated to be 1.41M ⊙ and the mass gained by the present massive star is 0.49M ⊙ . About one-third of mass lost by the initially massive star is transferred to the present massive star.
The O − C analysis shows that the orbital period of V502 Oph is decreasing at a rate of dP/dt = −1.69 × 10 −7 day · year −1 . It may be caused by the mass transfer from the more massive component to the less massive one. By assuming a conservative mass transfer case and using the well-known equation
the mass transfer is determined to be dM 2 dt = −3.01 × 10 −8 M ⊙ /year. However, the real mass transfer rate may be quite different while the contribution of angular momentum loss (AML) is considered.
As shown in Fig. 2 , after the downward parabolic variation in the (O − C) 1 curve is subtracted, the (O − C) 2 residuals suggest that there is a cyclic variation with a period of 18.7 years. It is due to the the light-travel time effect that caused by the gravitational influence of a tertiary component. By assuming a circular orbit, the projected radius (a ′ 12 sini ′ ) of the orbit that the eclipsing binary rotates around the barycenter of the triple system is calculated with the following equation,
where A 3 is the amplitude of the periodic change and c is the speed of light. The values is 7 calculated to be a ′ 12 sin i ′ = 0.69(±0.01)AU. The mass function and the mass of the tertiary companion are computed with the following equation,
where G is the gravitational constant and P 3 is the period that the tertiary component orbits around V502 Oph. The mass function are calculated to be f (m) = 0.00096M ⊙ . The i ′ -M 3 and i ′ -a 3 diagram are displayed in Fig. 3 . The red star in Fig. 3 are the values of the tertiary component when the orbits of the three components are coplanar. During the photometric solutions, the third light was also included as an adjustable parameters, and our photometric solutions confirm the existence of the third light (l 3 ) in the binary system. Based on the amounts of the third light listed in Table 3 , the B − V color of the light source is calculated to be 0.61, which may correspond to be a G1 type main sequence star with its mass to be nearly 1.0M ⊙ . As shown in Fig. 4 , the semi-major axes of the tertiary component is less than 8.11 AU and its mass is larger than 0.16M ⊙ . The tertiary component confirmed by the O − C curve analysis is a stellar type component and it can not be outside the measured area on the CCD image considering the distance to V502 Oph of 86(±8) pc determined by Hipparchos (ESA 1997) . Therefore, the tertiary detected by the O − C curve analysis may possibly be the third light source. In this case, the orbital inclination of the 8 tertiary component will less than 20 degrees in Fig. 3 . Although tertiary components are quite common in W UMa systems, the formation theory of triple systems and the effects of the tertiary component on the close binary systems are not clear. The tertiary component around V502 Oph may accelerate the orbital evolution of the binary system by removing angular momentum from it (Qian et al. 2013) . As for V502 Oph, its close-in companion has been confirmed and comprehensively researched through light curves' solutions, O − C curve analysis and spectroscopic observations, which make it an important target for testing formation theories of W UMa-type binaries, and dynamical interaction and angular momentum evolution of multiple systems. 
